We demonstrate strong laser-field-free orientation of absolute-ground-state carbonyl sulfide molecules. The molecules are oriented by the combination of a 485-ps-long non-resonant laser pulse and a weak static electric field. The edges of the laser pulse create a coherent superposition of two rotational states resulting in revivals of strong transient molecular orientation after the laser pulse. The experimentally attained degree of orientation, cosθ ≈ 0.6, corresponds to the theoretical maximum for mixing of the two states. Switching off the dc field would provide the same orientation completely field-free. 37.20.+j, 82.20.Bc Fixed-in-space samples of molecules have attracted wide interest for divers applications. These include stereochemistry [1] [2] [3] as well as molecular imaging using photoelectron angular distributions [4] [5] [6] [7] [8] , high-order harmonic generation [9] [10] [11] , or electron and x-ray diffraction [12, 13] . Traditionally, state selection [14] and brute-force orientation [2] have been used to create oriented samples [15] . Stronger, also three-dimensional, orientation has been achieved through the use of a combination of electrostatic and strong nonresonant laser fields [16] [17] [18] [19] [20] [21] [22] [23] [24] . However, in these approaches the presence of a strong electrostatic or laser field may influence the outcome of the experiments. Therefore, it is of particular interest to create oriented molecules in essentially field-free space.
We demonstrate strong laser-field-free orientation of absolute-ground-state carbonyl sulfide molecules. The molecules are oriented by the combination of a 485-ps-long non-resonant laser pulse and a weak static electric field. The edges of the laser pulse create a coherent superposition of two rotational states resulting in revivals of strong transient molecular orientation after the laser pulse. The experimentally attained degree of orientation, cosθ ≈ 0.6, corresponds to the theoretical maximum for mixing of the two states. Switching off the dc field would provide the same orientation completely field-free. Fixed-in-space samples of molecules have attracted wide interest for divers applications. These include stereochemistry [1] [2] [3] as well as molecular imaging using photoelectron angular distributions [4] [5] [6] [7] [8] , high-order harmonic generation [9] [10] [11] , or electron and x-ray diffraction [12, 13] . Traditionally, state selection [14] and brute-force orientation [2] have been used to create oriented samples [15] . Stronger, also three-dimensional, orientation has been achieved through the use of a combination of electrostatic and strong nonresonant laser fields [16] [17] [18] [19] [20] [21] [22] [23] [24] . However, in these approaches the presence of a strong electrostatic or laser field may influence the outcome of the experiments. Therefore, it is of particular interest to create oriented molecules in essentially field-free space.
Laser-field-free orientation has been achieved by the combination of strong static electric fields and shaped laser pulses [21, 25] and through two-color femtosecond laser pulses [26, 27] . The latter yields oriented molecules in the absence of any external field at the rotational revivals of the molecule. However, the achievable degree of orientation is weak, limited by the onset of ionization [27, 28] . Extending this method by an additional, correctly timed, strong alignment prepulse allows for significant degrees of orientation without much ionization for small molecules [11, 29] . Single-cycle THz pulses provide an alternative approach to field-free orientation via direct resonant rotational excitation [30, 31] . While the experimentally realized degree of orientation with a single THz pulse is small, improved orientation is again obtained by applying an appropriately timed nonresonant alignment prepulse [32, 33] .
Here, we report on the creation of a laser-fieldfree strongly-oriented molecular sample from absoluteground-state-selected carbonyl sulfide (OCS) molecules using mixed-field orientation. While in the case of laser alignment an adiabatic response of the system to the laser field is provided if all time scales of the laser pulse are longer than the rotational period of the molecule [34, 35] , this is not the case for orientation in combined laser and static electric fields [23, 36] . Even for a rapidlyrotating molecule, such as OCS with a rotational period of τ rot ≈ 82 ps, a laser pulse duration of ∼ 50 ns would be required to adiabatically orient the molecules in a moderate static electric field of 1 kV/cm [37] . This is due to the coupling between the oriented 0 ,0 and anti-oriented 1 ,0 states [38] .
We demonstrate how this ∆J = 1 coupling can be utilized, similar to the coupling by resonant THz fields, to create a coherent wavepacket between the J = 0 and J = 1 rotational states and to obtain orientation revivals after the laser pulse. Even for small molecules the coupling between the states is highly efficient and much stronger than with short THz pulses. We show that we can strongly control the mixing of the states by simply adjusting the laser power. The rise and fall times of the laser pulses have been chosen to be long enough to avoid couplings with ∆J > 1, but short enough to be strongly nonadiabatic for ∆J = 1 couplings. This results in a coherent superposition of rotational states with very strong-orientation revivals after the laser pulse is switched off. In our case the strong orientation is maintained for several pico seconds, which is a comparably long timespan. This makes it possible to study molecular dynamics processes during a single revival, including complex nuclear rearrangements, which are typically only moderately fast. Our experimental approach is easily implemented using standard commercial laser systems, and it is generally applicable to any polar molecule in any rotational state. Furthermore, the peak intensity of the necessary laser pulses are only moderately strong and, therefore, non destructive for most molecules.
A schematic of the experimental setup is shown in Figure 1 . A pulsed molecular beam was provided by ex- panding 500 ppm of OCS seeded in 6 bar of neon through a cantilever piezo valve [39] at a repetition rate of 250 Hz. The molecules were dispersed according to their quantum state by the electric deflector [40] , and a pure sample of ground-state OCS was selected [41] . These molecules were oriented by the combined action of a moderately intense, 485-ps-long laser pulse (I control ≈ 10 11 W/cm 2 ) and a weak dc electric field (E stat = 840 V/cm) inside a velocity map imaging (VMI) spectrometer. The rise and fall times of the laser pulse are 130 ps. The polarization of the control laser had an angle β = 45
• with respect to the static electric field. The angular confinement was probed through strong-field multiple ionization by a linearly polarized, 30 fs laser pulse (I probe = 3 · 10 14 W/cm 2 ), resulting in Coulomb explosion of the molecule. The polarization of the probe laser was always perpendicular to the polarization of the orientation laser. The produced ions were velocity mapped onto a position sensitive detector. The detected S + ion distribution from the Coulomb fragmentation channel OCS+n hν → OC + +S + was highly directional and provided direct information on the alignment and orientation of the OCS molecules at the time of ionization.
The control and probe laser pulses were provided by an amplified femtosecond laser system [42] . The probe pulses had pulse energies of 200 µJ and a beam waist of ω 0 = 36 µm. The control pulses had energies controlled between 0 and 7 mJ and a beam waist of ω 0 = 70 µm. Since both beams were generated by the same laser system they were inherently synchronized. The relative timing between the two pulses was adjusted by a motorized linear translation stage.
To obtain insight into the angular dynamics the degree of orientation was recorded for a range of laser peak intensities I control as a function of time. and intensity of the laser pulse, a projection of the three dimensional S + velocity distribution onto the two dimensional detector was recorded. The two dimensional velocity distributions showed a rich structure due to different fragmentation channels of OCS after Coulomb explosion. In order to resolve the different channels a mixing angle of β = 45
• has been chosen [40] . The degrees of alignment and orientation [43] were determined from the distribution of velocity components parallel to the detector surface (v || ) with 2800 m/s < v || < 5400 m/s. This corresponds to S + ions from the OC + + S + channel (vide supra). The contribution from other fragmentation channels is estimated to be below 10 %. A 2D representation of the experimental results is shown in Figure 2 a for β = +45
• and in Figure 2 b for β = −45
• . We focus on the post-pulse orientation dynamics following the falling edge of the control laser pulse at ∼ 750 ps. During the laser pulse OCS was oriented due to mixed field orientation. After the laser pulse a strong oscillatory behavior was observed. These oscillations correspond to the wave packet dynamics of a coherent superposition of the |0, 0 and |1, 0 states. With increasing laser intensity I control the degree of orientation increased and the oscillation maxima shifted to longer delays. The phase of the oscillation was shifted by π when the polarization was changed from β = +45
• to β = −45
• . Figure 2 c shows the degree of alignment obtained from the same data as Figure 2 a (β = +45
• ). Even without alignment pulse (I control = 0) some permanent alignment was present, cos 2 θ 2D > 0.5, which increased with I control . This is due to selective ionization, so called geometric alignment, and due to permanent alignment through the population of the |1, 0 state. Classically speaking, the molecules rotated in planes containing the control laser polarization vector. However, no revival structures were observed, demonstrating the (quasi) adiabatic alignment dynamics under these conditions [35, 42] .
Calculations that include the experimental temporal control laser intensity profile show that the rotational dynamics is dominated by the coupling of two states, |0, 0 and |1, 0 [37] . In this two-state model the nonadiabatic coupling between the field-dressed 0 ,0 and 1 ,0 states create a wave packet of the rotational states |0, 0 and |1, 0 that results in field-free orientation and anti orientation. As soon as the laser pulse is switched off this results in a time dependent wave packet of the form |Ψ(t) = |c 00 | · |0, 0 e i(E 00 t/ +φ 00) + |c 10 | · |1, 0 e i(E 10 t/ +φ 10 ) 
with ∆E = E 00 − E 10 , ∆φ = φ 00 − φ 10 and |c 00 | 2 + |c 10 | 2 = 1. The maximum degree of orientation is given by √ 1/3 ≈ 0.577 which is obtained at |c 00 | = √ 1/2. A similar consideration for the degree of alignment results in
Thus, while the degree of orientation shows a time dependent variation, the degree of alignment is timeindependent. The latter does, however, show a dependence on the weight of the ground state after the orientation pulse in agreement with the experiment. Figure 3 a shows the temporal experimental evolution of the degree of orientation during and after the laser pulse at a peak intensity of 0.215 TW/cm 2 . The control laser pulse is indicated by the light grey area. Before the laser pulse was present we observed a small orientation of the molecular sample ( cosθ 2D ≈ 0.01). This is due to "brute-force" orientation via the static electric field of the VMI spectrometer [22] . The calculated weights of the 0 ,0 , 1 ,0 and 1 ,1 states are |c 00 | 2 =0.99980, |c 10 | 2 = 1.5 × 10 −4 and |c 11 | 2 = 5 × 10 −5 , respectively. All other states have weights below 1.4·10 −9 . As soon as the laser pulse began the orientation increased, and it continued to do so over the entire laser pulse. This dynamics of the orientation is the beginning of an oscillating wave packet of the two pendular states 0 ,0 and 1 ,0 formed by the fast rise at the beginning of the laser pulse. It is equivalent to the field-free wave packet described above, but with a much longer period due to the neardegeneracy of the pendular states in the strong laser field. The maximum orientation during the laser pulse would only be reached after about 1 ns for the weakest controllaser fields, or later for higher laser intensities. Therefore, we do not reach this maximum during our 485-ps-long laser pulses. A strong enhancement was observed at the end of the laser pulse. This is due to both, the strong mixing of the states due to non-resonant couplings provided by the falling edge of the laser pulse and the change in the beating frequency due to the decrease of the laser intensity. As soon as the laser pulse was switched off the field free oscillatory behavior was observed (vide supra). The phase of the post-pulse dynamics depends on the phase of the beating during the laser pulse. Thus, it depends on both, the control-laser intensity and its pulse duration.
We fitted the following function to the post pulse dynamics:
with b > 0. The fits results are shown as black lines in Figure 3 a. The period T of the oscillation was determined to be 83 ps. This is the 1/(2Bc) revival period expected from the coupling of the states |0, 0 and |1, 0 . The phase of the oscillation was shifted by π when the laser polarization was rotated by 90 • (green line). In addition, a small vertical offset a, due to a small contribution of the |2, 0 state, was observed. While this does not significantly change the cosine form of the post pulse dynamics, the correspondingly increased peak-orientation to one side of the laser polarization axis might have implications on the results of experiments when the outcome is strongly dependent on the degree of molecular orientation. The post-pulse time-averaged degree of orientation is still zero. Figure 3 b shows the phase φ of the post pulse dynamics obtained from the cosine fit as a function of the peak intensity of the control laser pulse (blue line). After a minimization of the temporal offset between theory and experiment by a least square fit the theoretically calculated phase between the weights c 00 and c 10 was observed (red line). This phase shift as a function of I control is an observable of the post pulse dynamics that is fully independent of the influence of the probe pulse. The excellent agreement shows that the measured orientation dynamics at the peak intensity of the orientation pulse is very well described by our theoretical model. Figure 3 c shows the maximum in the degree of orientation in the post-pulse dynamics, a + b in (4), as a function of I control . Experimental values are shown as blue dots and theoretical values, including the probe-laser selectivity and the volume effect [36] , are shown as a blue line. The corresponding three-dimensional degree of orientation obtained by theory is shown as a red line. It increases with I control until it saturates at cosθ = 0.6. This shows that at high intensities the mixing of the two states |0, 0 and |1, 0 is practically optimal for the degree of orientation. The influence of the multiply-ionizing probe laser strongly changes the observation of the degree of orientation. Therefore, the observed orientation is lower than the real orientation of the molecular sample. The high frequency oscillation in the degree of orientation can be attributed to the influence of the state |2, 0 which has a different phase for every intensity. The slightly lower measured 2D degree of orientation, compared to our calculations, can be attributed to small differences regarding the modeling of the probe pulse distribution and the volume effect.
Our approach holds in general for all states of a linear molecule, not only for the absolute ground state. In addition we show that the mixing of the states can be controlled between zero and complete mixing, with a weight of 1/ √ 2 for both states, by simply adjusting the laser power. Moreover, our simulations show that only the rise and fall times of the laser pulse and its intensity are relevant for the control of the orientation at typical DC fields in VMI spectrometers. The same orientation could be achieved using a transform limited laser pulse with a pulse duration of 130 ps and a pulse energy of 2 mJ focused to 50 µm. Such laser parameters are easily accessible by stretching commercial femtosecond lasers or directly using the output of a chirped-pulse amplifier.
In conclusion, 485-ps-long moderately-strong (10 11 W/cm 2 ) laser pulses were used to induce laserfield-free transient orientation in quantum-state-selected ground-state OCS molecules. In combination with our simulations we infer that strong orientation with cosθ = 0.6 was achieved through coherent coupling of the field-free |0, 0 and |1, 0 rotational states. This corresponds to 93 % of the molecules pointing in the same direction along the I control laser polarization axis. Since only two states are involved in the wave packet, the orientation dynamics is slow and strong field-free orientation can be obtained for a duration of several picoseconds, which is long enough to study most molecular dynamics processes in moderately-sized molecules during that period. Simulations show that rapidly turning off the VMI field, down to τ=100 ps, would not alter the wave packet dynamics and result in strong fully-field-free orientation.
The demonstrated degree of field-free orientation is six times larger than that previously observed via coherent rotational excitation in combination with THz pulses [33] . It is also a clear improvement over the 73-83 % directionality achieved in a complex two-pulse two-color experiment [11] . Moreover, the latter experiments relied on very strong laser fields of 5 × 10 13 W/cm 2 . These intensities would simply destroy most molecules through ionization, and lowering the intensity would sharply decrease the achievable orientation due to the cubic scaling of the hy-perpolarizability interaction. Contrary, our approach is generally applicable for heteronuclear molecules. Since it requires only moderately strong laser fields, this includes large molecules with their reduced ionization thresholds.
In contrast to single-cycle THz pulses, the nonresonant interactions in our scheme couple energetically neighboring states very efficiently, independent of their rotational excitation. This opens up the possibility to create even more strongly field-free-oriented samples by preparing the molecules in high J-states before the mixed-field orientation pulse [11, 21, 33, 44] . However, the current samples with molecules in a very small number of quantum states are advantageous for state-specific experiments such as state-to-state reaction stereodynamics.
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